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Abstract: Low loss, single mode, Ge-on-Si rib waveguides are used to demonstrated optical
sensing in the molecular fingerprint region of the mid-infrared spectrum. Sensing is carried
out using two spin-coated films, with strong absorption in the mid-infrared. These films are
used to calibrate the modal overlap with an analyte, and therefore experimentally demonstrate
the potential for Ge-on-Si waveguides for mid-infrared sensing applications. The results are
compared to Fourier transform infrared spectroscopy measurements. The advantage of waveguide
spectroscopy is demonstrated in terms of the increased optical interaction, and a new multi-path
length approach is demonstrated to improve the dynamic range, which is not possible with
conventional FTIR or attenuated total reflection (ATR) measurements. These results highlight
the potential for Ge-on-Si as an integrated sensing platform for healthcare, pollution monitoring
and defence applications.
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distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.
1. Introduction
The mid-infrared (MIR) spectral region is of significant interest for establishing on-chip spec-
troscopy; particularly in the spectral region between 6.7 and 20 µm wavelength, as the unique
molecular vibration modes allow for a label free sensing platform [1]. This region is known as
the ‘molecular fingerprint’ region. Such sensing is of particular interest for a number of growing
markets including health-care [1], environmental monitoring [2,3], chemical biomolecular sensing
[4], forensic analysis [5,6] and security applications [7,8]. All of these sectors and applications
would benefit from a low-cost, small footprint sensing platform to enable wide-spread uptake
for rapid feedback and analysis outside of the laboratory. The current gold standard for infrared
identification of unknown analytes is Fourier transform infrared (FTIR) spectroscopy, which is
expensive, bulky and requires significant expertise for successful operation [5].
A number of on-chip optical sensing devices have been fabricated using Si, which are low
loss in the near-IR (NIR) part of the spectrum, however, while these NIR devices can be highly
sensitive, they typically rely on the refractive index shift caused by an analyte to detect its
presence, in the absence of strong absorption lines. This allows for molecular identification
only when the waveguide surface is treated with a surfactant to promote binding to a particular
molecule, as a number of analytes have comparable refractive indices.
For operation in the MIR, alternate materials with wider transparency windows have been
investigated, such as chalcogenide glasses [9], group III-V materials (GaAs and InSb) [10] and
silver halides [11]. Ge has also been proposed as a platform for MIR sensing, due its transparency
up to ∼15 µm. Various compositions of Ge in SiGe materials have been investigated on SiGe
graded buffers [12], as well as Ge-on-nothing [13] and Ge-on-insulator [14]. The Ge-on-SiN
material systems can provide low loss and tight bending radii in the 3-5 µm regime [15] but
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are limited to wavelenghts ≤ 7 µm due to strong absorption from the Si-N bond. A number
of Ge-on-Si components have been demonstrated to enable photonic integrated circuits for
chip-scale MIR sensing in the important fingerprint region including quantum well infrared
photodetection [16], plasmonic antenna enhancement of molecular absorptions [8], and third
harmonic generation [17].
Here, we demonstrate waveguide spectroscopy using low loss Ge-on-Si rib waveguides in the
molecular fingerprint regime, and use spin coated films with measured absorption coefficients
in order to experimentally calibrate the optical overlap and predict the potential performance
of complete systems. Waveguide spectroscopy can provide improved sensitivity compared to
techniques such as attenuated total reflectance (ATR) FTIR, as rather than discrete reflections, a
continuous evanescent wave can interact with an analyte. There is therefore significant scope for
chip-scale waveguide systems to be used as evanescent sensing elements as part of integrated MIR
sensing chips. Such broadband low losses, coupled with extremely strong molecular absorption,
can allow for unique spectral identification; for example, home-made explosives like tri-acetone
tri-peroxide (TATP) [7] and bioweapons including mustards [8,18] and VX [19] have unique
absorption lines in the ∼7 to 15 µm sensing window. Furthermore, spectroscopic analysis of
proteins from spinal fluid can reveal the early onset of neurodegenerative diseases [20]. Sensing
of proteins has recently been demonstrated with multi-mode Ge-on-Si waveguides [21]. SiGe
waveguide sensing has also been demonstrated at wavelengths below the molecular fingerprint
region [6], and demonstrated modal power overlaps of ∼ 0.61 % with the analyte.
For waveguide spectroscopy, the key figures of merit relevant to the waveguide sensing
element are the optical loss and modal overlap with the analyte, which define the maximum
effective interaction length. Group IV material systems will benefit significantly from low
production costs and compatability with Si foundry processing, however to date there has been
no experimental calibration of the sensing performance of Group IV waveguides within the
molecular fingerprint regime (6.7 to 20 µm). Furthermore, we demonstrate a unique benefit
of waveguide spectroscopy, by using a multi-path length geometry to effectively improve the
dynamic range of the measurement, allowing the observation of both strong and weak absorption
lines. This is a key factor for identification, and an issue with ATR spectroscopy, which requires
various crystals to be changed to reduce or enhance the analyte interaction length accordingly.
2. Fabrication and measurement
The Ge rib waveguides were fabricated using commercially available material (IQE Si, details
in [22]). The waveguides were patterned by electron-beam lithography by using hydrogen
silsesquioxane (HSQ) resist. They were subsequently etched by 1.25 µm in a SF6 and C4F8
recipe [23]. Residual HSQ was removed using dilute hydrofluoric acid (HF), and then diced
using a diamond saw and polished to form optically smooth facets. For sensing measurements the
samples were spin-coated with either a polymer or an inorganic compound, both of which have
strong absorption lines in the MIR. In particular, polymethyl methacrylate (PMMA) and HSQ
were used to observe molecular vibrations at different wavelengths in the molecular fingerprint
regime. Initially, 4 µm wide waveguides were spin coated with PMMA. The polymer was
patterned using a shadow mask, and etched using an oxygen plasma ash, to leave approximately a
1 mm strip coating a waveguide.
Waveguide measurements were undertaken using an external cavity quantum cascade laser
(QCL) package emitting from 7.5 to 11.5 µm, which was coupled to the waveguides via a free
space optical setup, as described elsewhere [22]. The transmission of each waveguide was
measured by stepping the laser wavelength in 10 nm increments and recording the spectra using
a liquid nitrogen cooled mercury cadmium telluride (MCT) detector. The modal loss due to
the analyte is then calculated using the transmission of bare and coated waveguides. Likewise,
surface normal FTIR transmission measurements were obtained from a ∼ 40 nm thick PMMA
Research Article Vol. 28, No. 4 / 17 February 2020 /Optics Express 5751
film, on a double sided polished float zone (Fz) Si substrate, using a Bruker Vertex 70 FTIR
system.
3. Results
3.1. Polymethyl methacrylate
A range of C-O-C stretching bonds can clearly be observed in the spectral region of 7.5 to 9.5 µm
wavelength, as demonstrated in Fig. 1. For the surface normal, single pass FTIR measurement,
the transmission is reduced to ∼ 94 % when the PMMA film has maximum attenuation. The
increased attenuation from the waveguide geometry can clearly be observed, with the signal
being almost fully attenuated at ∼ 8.4 µm. This demonstrates that despite an optical overlap
of < 2 %, the waveguide geometry allows for enhanced interaction with the analyte due to
the increased optical path length compared to surface normal FTIR measurements. This is
particularly appropriate for analysis of proteins and DNA, as surface normal FTIR measurements
are dominated by water absorption in the solution, and attenuated total reflection measurements
have limited interaction due to a finite number of reflections [24].
FTIR 
QCL 1 QCL 2 
Fig. 1. A transmissionmeasurement of PMMAusing both FTIR andwaveguide spectroscopy.
The black curve is from FTIR, whilst the blue and red curves demonstrate waveguide
measurements (from separate QCL lasers).
3.2. Hydrogen silsesquioxane
Further measurements were undertaken using waveguides of widths 3, 4 and 5 µm. In this
experiment HSQ, which is a negative electron-beam lithography resist, was used to demonstrate
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and calibrate sensing. Unexposed HSQ was removed by developing in a tri-methyl ammonium
hydroxide (TMAH) solution. Given the full attenuation observed with PMMA, a multi-path
length approach was patterned in order to increase the dynamic range of the measurement. For
each waveguide width, a bare reference waveguide was stripped fully of HSQ and left air-clad
(bare), while three further nominally identical waveguides were partially coated by ∼ 600 nm
thick HSQ (as measured on a planar sample); with HSQ strips of 10 µm, 100 µm and 1000 µm
long segments respectively. Figure 2 presents a top down optical image of the waveguides coated
with HSQ, and a scanning electron microscope (SEM) image of the air-clad Ge waveguide coated
with a 10 µm strip of HSQ.
Fig. 2. (a) A top down image of Ge-on-Si rib waveguides, with various lengths of HSQ
coatings. (b) A scanning electron microscope image of a Ge-on-Si rib waveguide with a 10
µm section coated with HSQ.
Surface normal FTIR was carried out as described previously, on 115 nm thick, cured HSQ
film (thickness measured by ellipsometry). The FTIR transmission was used to calculated the
absorption coefficient of the film. In Fig 3(a), a Si-O-Si vibration is clearly visible, which
demonstrates an extremely high absorption coefficient of ∼ 9.5 ×105 dB/cm.
Fig. 3. (a) The absorption coefficient of a thermally cured HSQ film, as measured by FTIR
spectroscopy. (b) The modal loss from HSQ films of varying path length, on a 3 µm wide
Ge-on-Si waveguide in TM polarisation.
For the waveguide measurement, the extracted absorption coefficient is the modal absorption
coefficient from the analyte (i.e. the analyte loss experienced by the mode per cm of propagation).
The waveguide measurements presented here are in transverse magnetic (TM) polarisation. The
results are demonstrated in Fig. 3(b). In the range 8.8 to 9.8 µm, the strong Si-O-Si vibrations can
be observed. As the film is exposed to high energy electrons, or cured thermally, the molecular
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structure is modified from ‘cage-like’ to ‘network-like’ [25], and the Si-O-Si bond absorption
red-shifts from ∼ 8.8 to 9.4 µm wavelength. For both thermally cured, and electron-beam
written films, a shoulder is present at 8.8 µm, with the dominant peak at ∼ 9.4 µm, indicating
the film is approaching a network structure. In the waveguide geometry, this vibration was
measured using a 100 µm path length. Full attenuation was observed for this bond in the 1
mm path, meaning it could not be measured using the longest HSQ region. Two further peaks
are observed at ∼ 10.2 µm (981 cm−1) and ∼ 10.57 µm (946 cm−1). These peaks have been
assigned to the formation of H2SiO2/2 from HSiO3/2; a reaction which takes places in the regime
of cage-network redistribution with exposure to a high energy electron-beam [25]. These weaker
vibrations were measured using a Ge waveguide coated with 1 mm of HSQ. The multi-path
length approach allowed the signal to noise ratio (SNR) to be maximised for the given spectral
region. This approach could be key for high sensitivity molecular fingerprint identification with
analytes containing significant intensity variations in their absorption spectra. In practise, this
could be achieved by varying the waveguide propagation length within a fixed length sensing
window (i.e. with spiral waveguides). This is a unique feature of waveguide spectroscopy that to
our knowledge, has not been demonstrated. With a technique like ATR-FTIR, the entire crystal
would have to be changed to modify the interaction length with the analyte.
The SNR enhancement is visible in Fig. 4, which demonstrates the transmission data for a
5 µm wide waveguide, through both 10 µm and 100 µm of HSQ, measured under nominally
identical conditions (source power, integration time, etc.). Figure 4(b) presents the resulting
modal absorption coefficient for each waveguide. Significant noise is present on the measurement
taken with the 10 µm path length.
Fig. 4. (a) Transmission measurements of three Ge-on-Si rib waveguides. The first is with
no HSQ analyte present (bare), whilst the second and third have sections of the waveguide
covered with HSQ (10 µm and 100 µm sections, respectively). (b) The corresponding
measured modal absorption coefficients for the coated waveguides. The length of the HSQ
coating is labelled on the figure.
The agreement on peak intensity from the two measurements, however, indicates good unifor-
mity of both the waveguide facets and the propagation losses in the waveguides. Misalignment,
or any differences in the waveguide losses between the three measured waveguides would result
in errors in the calculated absorption coefficient of the analyte but this is not observed.
3.3. Overlap calibration
The modal overlap with the analyte was investigated with varying waveguide widths. Figure 5
demonstrates the measured modal overlaps for 3, 4 and 5 µm wide waveguides, from the Si-O-Si
vibration at ∼ 9.4 µm. As discussed previously, the intensity/lineshape of this vibration is
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dependant on the level to which the HSQ is cured. The electron-beam written HSQ measured by
evanescent waveguide spectroscopy appeared consistent with thin films cured between 400 and
450◦C, Fig. 5(a), which were used as upper and lower bounds for estimating the optical overlap
in waveguides. This was compared with finite difference eigenmode models (shown as a square
in Fig. 5(b), in which the profile of the HSQ over the waveguide was approximated, based on
measurements by atomic force microscopy (AFM) (see Fig. 5(c)). The results are in reasonable
agreement, however discrepancies may arise from the abrupt change of the film’s refractive index
close to the Si-O-Si vibration, as well as HSQ thickness variations on the waveguide which have
not been accounted for in the model. Notably, the 3 µm wide waveguide has approximately 1.75
to 2.25 % overlap with the analyte in transverse electric (TE) polarisation. This is a conservative
estimate for the maximum overlap achievable, as the HSQ films coat only < 100 nm of the top
surface for these structures, meaning the evanescent tail decays beyond the analyte, as discussed
further in the Discussion section.
Fig. 5. (a) The measured absorption coefficient of two HSQ films cured at different
temperatures. (b) The calculated modal overlaps at 9.4 µm wavelength, based on the
measured modal absorptions in waveguides of various widths, and the HSQ absorption
coefficient. The upper and lower bounds are calculated using the absorption from part
(a). The simulated overlap with the analyte is shown as a square. (c) AFM scan of a Ge
waveguide coated by a 10µm strip of HSQ, used to measure the HSQ profile for simulations.
3.4. Discussion
In the limit of weak absorption (waveguide dominated losses), the maximum sensitivity is
achieved with a waveguide of length 1/α, where α is the waveguide loss in cm−1, meaning
that with 1 dB/cm losses a waveguide length of 4.34 cm will provide optimal sensitivity. We
have previously demonstrated losses in 4 µm wide waveguides in TE polarisation of ∼ 1 dB/cm
[22]. An optical overlap of ∼ 1.2 % therefore provides an interaction length of ∼ 520 µm.
As an example, we evaluate the requirements for an ammonia sensing system based on the
measurements presented here. Ammonia has strong absorption peaks ∼ 9.545 µm wavelength,
and when detected on the breath, it can be used to diagnose chronic kidney disease [26]. Typically,
this requires detection of ammonia in concentrations as low as 400 ppb for healthy individuals
[26]. Assuming the losses demonstrated previously [22] of ∼ 1 dB/cm for 4 µm waveguides
in TE polarisation, and the corresponding optical overlap of 1.2 %, the requirements on the
source and detector can be calculated as shown in [27]. For ∼ 400 ppb detection of ammonia
(absorption cross section of 2.78x10−18 cm2 at ∼ 9.545 µm [28]), using our waveguides, a
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detector noise-equivalent-power (NEP) of 4x10−9 WHz−0.5 is required, with a 50 mW source,
and 100 ms integration time, with an SNR of 3. This level of NEP would allow the use of a
non-cryogenically cooled detector. Breath analysis techniques are not standardised, and can vary
between real-time analysis and techniques where the breath is stored locally and subsequently
measured [29]. There are numerous examples of breath analysis for medical diagnostics where
an exhalation of 10 s is required; an integration time of 100 ms therefore seems reasonable to
provide approximately 100 data points from a single exhalation, which could be further averaged
with multiple breaths.
A number of sensing applications could involve proteins or molecules coating the waveguide
surface [30]; applications where the evanescent tail could extend beyond the analyte. To give an
indication of the performance of such measurements, the optical overlap was calculated within
a bounding box, approximated as a thin film coating the waveguide, for a range of thicknesses.
The integrated power overlap as a function of the film thickness is demonstrated in Fig. 6, for
both TE and TM polarisations. This was calculated for rib-waveguide widths of 3, 4 and 5 µm at
a wavelength of 9.55 µm, which is in the spectral vicinity of vibrational modes from bonds in
DNA [31]. The simulation assumes that the film is conformal, and coats the waveguide sidewalls
and the top surface. For TE modes, and 3 µm wide waveguides, a 50 nm thick conformal film
would have approximately a 0.5 % overlap with the optical mode. This is a conservative estimate,
as it assumes a film refractive index of n=1.
Fig. 6. Simulatedmodal overlap with a conformal thin film coating a range of rib-waveguides
with widths of 3 µm (blue), 4 µm (green) and 5 µm (red), for TE (solid) and TM polarisation
(dashed). (a) Shows the optical overlap for films of thicknesses between 10 and 70 nm. (b)
Shows optical overlaps of a film up to 2000 nm thick, with a logarithmic scale on the x-axis.
The inset shows a schematic of a conformal film (blue) coating a Ge rib waveguide; the
region in which the optical power is integrated.
Ultimately, when comparing waveguide platforms, only the loss and the optical overlap with
the analyte can be considered. The Ge-on-Si platform is ideally placed to meet these requirements,
with low-loss demonstrated previously [22] and an experimentally verified optical overlap of
2 % for the 3 µm waveguides (which will be larger for thicker films). SiGe waveguides have
shown excellent low losses, and the material is well suited to engineering non-linear properties
[32], however the optical overlap is limited due to graded buffers that pull the mode towards
the substrate. Ge-on-SiN platforms have been used to demonstrate sensing in the MIR with
spiral waveguides [15], but there have been no demonstrations in the molecular fingerprint
regime, where there is strong SiN absorption. This limits the platform to shorter wavelength and
therefore prohibits the use of applications where chemical discrimination is required. This work
therefore verifies that Ge-on-Si is an excellent candidate for waveguide spectroscopy within the
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molecular fingerprint regime, where broadband low-loss and good optical overlaps can lead to
highly sensitive measurements.
Future work will focus on determining the optimal waveguide geometry for sensing in terms
of the etch depth of the rib-waveguide. There is likely inherent trade-offs between propagation
loss and optical overlap of the analyte. Simulations reveal that in the Ge-on-Si platform, however,
the optical power in the air cladding of TE modes has a weak dependence on etch depth, with a
slight reduction in overlap with increased etch depth, while TM modes demonstrate the opposite
trend. Further considerations in this design choice will involve the achievable bending radius for
low loss, and compatibility with optical components such as polarisation rotators.
4. Conclusion
We have demonstrated molecular fingerprint sensing with low loss, single mode Ge-on-Si
waveguides, using PMMA and HSQ films. Transmission measurements using bare and coated
waveguides allowed the measurement of Si-O-Si vibrations with only a 10 µm region of the
waveguide coated. This highlights the advantage of working at wavelengths where these molecular
vibrations are resonant. In order to improve the dynamic range of the measurement, a multi-path
length approach was demonstrated, with multiple waveguides having different lengths exposed to
the analyte. This is a unique feature for waveguide spectroscopy allowing higher dynamic range
from a single sample compared to ATR and surface normal FTIR. This, along with broadband
low-waveguide losses, are key to spectral identification of analytes in the molecular fingerprint
regime. These results therefore demonstrate the potential of the Ge-on-Si platform, for integrated
sensing in the MIR, particularly for applications such as blood analysis, or evanescent sensing of
DNA or biological samples.
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